Nitrogen doped diamond-like carbon (DLC:N) thin films were deposited on p-Si (100) substrates by DC magnetron sputtering with different nitrogen flow rates at a substrate temperature of about 100 C. The chemical bonding structure of the films was characterized by X-ray photoelectron spectroscopy (XPS) and micro-Raman spectroscopy. The adhesive strength and surface morphology of the films were studied using micro-scratch tester and scanning electron microscope (SEM), respectively. The electrochemical performance of the films was evaluated by potentiodynamic polarization testing and linear sweep voltammetry. The electrolytes used for the electrochemical tests were deaerated and unstirred 0.47 M KCl aqueous solution for potentiodynamic polarization testing and 0.2 M KOH and 0.1 M KCl solutions for voltammetric analysis. It was found that the DLC:N films could well passivate the underlying substrates though the corrosion resistance of the films decreased with increased nitrogen content in the films. The DLC:N films showed wide potential windows in the KOH solution, in which the detection ability of the DLC:N films to trace lead of about 1 × 10 −3 M Pb 2+ was also tested.
INTRODUCTION
Diamond-like carbon (DLC) has excellent mechanical properties like high hardness and elastic modulus and low coefficient of friction. 1 In addition, DLC is highly corrosion resistant, 2 biocompatible 3 4 and haemocompatible. 5 6 From the scientific and engineering points of view, although DLC films have favorable properties, there are still challenges in industrial applications due to the high residual stress, poor adhesion strength to substrate and poor thermal stability of DLC films. 7 It has been known that a DLC film consists of sp 2 bonded clusters embedded in a sp 3 -bonded matrix. The sp 2 regions are found to control the electronic properties (band gap) while the sp 3 regions are found to control the mechanical properties such as rigidity, hardness, fracture toughness, tribological properties and electrochemical properties like corrosion performance. 8 Sputtered DLC films deposited at above room temperature could result in a higher sp 2 -bonded fraction of carbon atoms. 9 10 It is well known that the adhesion strength of DLC films is strongly influenced by residual * Author to whom correspondence should be addressed.
stress. Sullivan and coworkers 11 proposed that a reduction in residual stress occurred when a small fraction of sp 3 sites was converted to sp 2 sites during film deposition. Therefore, increased sp 2 bonds in DLC films deposited at above room temperature could promote the adhesion strength of the films by lowering the residual stresses in the films 12 and improve the electrical conductivity of the films by decreasing band gap. 13 The characteristics of DLC films can be altered by incorporating different elements such as non-metals (H, N, F, Si) and metals (Ti, V, Ni, Cu, Pt, Au) in the films. 14 15 It was reported that nitrogen incorporation into DLC films could lower the residual stress 16 and increase the electrical conductivity of the films 17 by either raising the Fermi level towards the conduction band or graphitization of sp 3 bonding, i.e., narrowing the band gap. However, incorporation of nitrogen in DLC films could lower the corrosion resistance of the films, which was attributed to (i) the decrease of film density by promoting sp 2 bonds and (ii) the increase of galvanically induced corrosion current due to the increase of electrical conductivity of the films though the films have outstanding chemical resistance in various environments. 18 In addition, the surface roughness of DLC films also contributes to the corrosion current at the films. 18 A high surface roughness may decrease the corrosion resistance of DLC films because of their large exposed surface areas to electrolytes. Moreover, the corrosion resistance of DLC films is closely related to the microstructure and interface conditions of the films, as well as the defect density in the films. 19 This study is focused on the influence of nitrogen doping level on the bonding structure, adhesion strength and electrochemical performance of DLC:N films prepared by DC magnetron sputtering with varying nitrogen flow rate during film depositions.
EXPERIMENTAL DETAILS
Highly conductive p-Si (100) wafers (0.02-0.005 cm) were used as substrates that were mounted on a substrate holder rotating at 10 rpm and pre-sputtered with Ar + plasma at a standard radio frequency (13.56 MHz) bias power of 40 W applied to the substrates for 20 min to remove surface oxide layers and any other surface impurities. Nitrogen doped diamond-like carbon (DLC:N) thin films were deposited by a DC magnetron sputtering system on the Si substrates with a deposition power of 350 W applied to a pure graphite target (99.999% C) of 3 inch in diameter. The background pressure kept before the film deposition and the working pressure used during the film deposition were 2 × 10 −8 and 7 × 10 −3 Torr, respectively. Nitrogen gas was introduced into the deposition chamber by a mass flow controller with varying flow rate from 3 to 15 sccm together with a fixed argon gas flow at 9 sccm. The deposition time and substrate temperature for all the samples were 60 min and 100 C, respectively. The binding energy and chemical composition of the DLC:N films were measured using X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra) with a monochromatic Al K X-ray radiation (h = 1486.71 eV) by applying a pass energy of 40 eV for C 1s, N 1s and O 1s core level spectra and 160 eV for wide scans with the energy resolutions of 0.1 eV for the narrow scans and 1 eV for the wide scans. A calibration was done by C 1s (approximately 285 eV) spectrum of a single crystal diamond.
Micro-Raman spectroscopy (Renishaw RM1000) was also used to characterize the bonding structure of the DLC:N films by using a He-Ne laser excitation beam with a line of 633 nm. The Raman instrument used had a spectral resolution of 1 cm −1 and a spatial resolution of 1 m. Five measurements for each sample were randomly carried out and an average value was taken for each Raman parameter.
The surface morphology of the DLC:N films was measured with scanning electron microscopy (SEM, JEOL-JSM-5600LV).
The adhesive strength of the DLC:N films was studied with a micro-scratch tester (Shimadzu SST-101) having a diamond stylus of 15 m in radius, which was dragged down the films under a progressive loading condition at room temperature. The scan amplitude and frequency, scratch rate and down speed for all the tests were set as 50 m, 30 Hz, 10 m/s, and 2 m/s, respectively. Five measurements were randomly conducted on each sample and an average value of critical load was taken.
Electrochemical measurements were carried out using a potentiostat/galvanostat (EG&G 263A) with a threeelectrode flat cell kit at a scan rate of 0.8 mV/s at room temperature. The electrochemical potential windows and detection sensitivity of the DLC:N films to lead were investigated with linear sweep voltammetric methods using an electrochemical workstation (Bionano LK6200) having a potential resolution of 0.1 mV and a current resolution of lower than 0.1 pA. The sweep rates used for the cyclic and anodic stripping voltammetric measurements were 100 mV/s and 36.36 mV/s, respectively. The potentials were measured with respect to a standard saturated calomel reference electrode (SCE) in a saturated KCl solution (244 mV vs. SHE at 25 C) and a platinum mesh was used as a counter electrode. For all the electrochemical measurements, the DLC:N film coated samples were cut into 2 cm × 2 cm square pieces and a gold layer was deposited on the backsides of the cut samples to make the testing samples in good electrical connection during the measurements. The tested area on each sample surface was a circle of 1 cm in diameter.
RESULTS AND DISCUSSION
Figure 1(a) shows the fitted XPS C 1s spectrum of the DLC:N film deposited with 3 sccm N 2 , where four components are observed at about 285.3 eV, 284.2 eV, 286.3 eV and 287.5 eV that are attributed to sp 3 carbon bonding, sp 2 carbon bonding, C-O bonding from surface oxygen adsorbed, and C-N bonding, respectively. [20] [21] [22] The inset in Figure 1 (a) shows the N/C atomic ratios of the DLC:N films as a function of nitrogen flow rate. A near linear increase of the N/C ratio from 0.19 to 0.37 with increasing nitrogen flow rate from 3 to 15 sccm is mainly attributed to the increase of nitrogen content in the DLC:N films.
The sp 3 fraction in a DLC:N film can be determined by the ratio of the corresponding sp 3 peak area over the total C 1s area. 20 It is found that the sp 3 content of the DLC:N film deposited with 3 sccm N 2 is approximately 40%. A decrease of sp 3 content in the DLC:N film to 22.2% when the nitrogen flow rate is increased to 15 sccm reveals that the increased nitrogen content in the films increases the C-sp 2 sites by degrading the stress-induced C-sp 3 bonds, which causes a reduction of the residual stress in the films. The increased sp 2 /sp 3 ratio from about 1.21 to 1.57 with increased N 2 flow rate from 3 to 15 sccm confirms that the increased N content apparently promotes the sp 2 sites in the films. The XPS N 1s core level spectrum of the DLC:N film deposited with 3 sccm N 2 ( Fig. 1(b) ) is composed of three components deconvoluted by Gaussian shapes with a Shirley background. The components at approximately 398.6 and 400.4 eV are respectively attributed to sp 2 and sp 3 bonded with nitrogen. 23 24 The broad band at about 401.5 eV is attributed to the N-O bonds due to the adsorbed surface oxygen. The area ratio of N-sp 2 /N-sp 3 is found to be dependent on the nitrogen flow rate, which increases from 0.95 to 1.38 with increased nitrogen flow rate from 3 to 15 sccm due to a preferential bonding of N in an amorphous carbon matrix. 25 This is in agreement with Hayashi's finding 23 that the configuration of nitrogen atoms was changed from N-sp 3 to N-sp 2 structures with increased nitrogen content. Figure 2 shows the Raman spectra of the DLC:N films with respect to nitrogen flow rate, where the appearance of D peak shoulders indicates a considerable fraction of aromatic rings in these films. 26 The Raman spectra of the DLC:N films are deconvoluted into G and D peaks using Gaussian functions. Both G and D peak positions shift to higher wavenumbers with increased nitrogen flow rate from 3 to 15 sccm, i.e., 1540 to 1548 cm and crystallinity. 28 The intensity ratios (I D /I G ) fluctuate in the range of 1.51-1.57 with respect to nitrogen flow rate as shown in Figure 3(c) . A higher slope value (4930) for the D peak compared to that (3257) of the G peak reveals that the increased nitrogen content in the DLC:N films promotes the clustering of sp 2 sites. 8 In a scratch test, a critical load is determined when an abrupt change in tangential force is observed, which comes from an instant failure between DLC film and Si substrate. Figure 4 shows the critical loads of the DLC:N films as a function of nitrogen flow rate. An increase of critical load with increased nitrogen flow rate is attributed to the conversion of stress-induced sp 3 sites to sp 2 sites during the film deposition, resulting in a reduction of the residual stress in the films. Besides, the C/N bonds formed when nitrogen is introduced into the carbon matrix can promote the stress relaxation because of their even shorter bond lengths compared to the C/C bonds. 30 The DLC:N film deposited with 3 sccm N 2 shows a brittle fracture (inset (a) of Fig. 4 ) that occurs by removing the film material as platelets from the region bounded by free surface and lateral cracks developed during scratching. The fractured features on the DLC:N films appear to change from brittle to less brittle behavior as shown in the SEM micrographs in the insets of Figure 4 when the nitrogen flow rate is increased from 3 to 15 sccm, which is attributed to the decreased sp 3 content in the films. The corrosion behavior of the DLC:N films is investigated in a deaerated and unstirred 0.47 M KCl solution using potentiodynamic polarization test. The corrosion parameters such as corrosion potential (E corr ) and current (I corr ), polarization resistance (R p ), and protective efficiency (P i ) determined from the potentiodynamic polarization curves of the DLC:N films as shown in Figure 5 using Tafel's technique are summarized in Table I . The R p and P i values in Table I are calculated using the following formulae: [31] [32] [33] R p = a × c /2 3I corr a + c In the potentiodynamic polarization curves, the cathodic branches indicating activation control do not apparently change with nitrogen flow rate except the uncoated Si substrate that may be attributed to the oxide layer formed on the surface of the uncoated Si substrate preventing the reduction of hydrogen ions during cathodic scanning. In the anodic branches, both the uncoated and the DLC:N film (15 sccm N 2 ) coated samples show an abrupt increase in anodic current at around 500 mV versus SCE though no such abrupt changes are observed from the rest DLC:N coated samples (3 to 12 sccm N 2 ) up to an applied potential of 1000 mV versus SCE. The abrupt increase in the anodic current found from the DLC:N coated sample deposited with 15 sccm N 2 may be attributed to an attack to the underlying silicon substrate with electrochemically active species (e.g., water molecules and hydrogen and chlorine ions) in the electrolyte permeated through the porosities in the film to the interface, since the increased sp 2 bonds and structural inhomogeneity of the film having a higher nitrogen content may increase the density of porosities in the film by degrading the sp 3 -bonded structure. It is observed that the E corr of the DLC:N film coated samples shifts from about −129.8 to −218.7 mV versus SCE as the I corr increases from about 2.57 to 4.71 A with increasing nitrogen flow rate. Therewith, the R p and P i also decrease from about 34.06 to 19.53 k and from Table I . Results from potentiodynamic polarization curves of DLC:N films as shown in Figure 5 . 54.7 to 16.74%, respectively. A depletion of diamond-like phases in the DLC:N films caused by increased graphitization with the increase of nitrogen content in the films probably lowers the corrosion resistance of the films. 34 The graphitized phases in the carbon matrix act as tiny anodes and cathodes that in turn increase the dissolution current of the films. 35 36 Furthermore, a lowered electrical resistivity of the DLC:N films having a higher nitrogen content promotes such galvanically induced corrosion. 18 20 However, the results obtained confirm that the DLC:N films can provide an effective corrosion protection for the Si substrates (E corr = −344.4 mV vs. SCE, I corr = 5.66 A) even though the introduction of nitrogen into the films degrades the corrosion resistance of the films. Figure 6 shows the linear sweep cyclic voltammograms obtained from the DLC:N films deposited with 6 and 9 sccm N 2 and tested in the 0.2 M KOH solution at a scan rate of 100 mV/s, where the DLC:N film (6 sccm N 2 has a wider potential window (approximately 3.3 V vs. SCE) than the one (9 sccm N 2 . 37 A decrease in electrical resistivity of the DLC:N films with increased nitrogen flow rate is attributed to the increase of the incorporated nitrogen as an effective donor into the carbon matrix. 20 The decreased electrical resistivity of the DLC:N film (9 sccm N 2 ) promotes the electron transport that results in a lower overpotential for the oxygen evolution (4OH solution (pH 13.3) at a scan rate of 36.36 mV/s, which give well-pronounced peaks. However, the effect of doublelayer charging causes not only a restriction in transport of the electroactive species to the film surface as reflected by a broad stripping peak but also a difference in stripping current between the start and end points of the peak. In addition, the sensitivity of the DLC:N film is abruptly affected by the formation of insoluble lead hydroxide compounds in the hydroxide solution. From a comparison between the two stripping peaks in Figure 7 (a), the peak (−1.2 V, 300 s) has a higher stripping peak current because of its smaller negative deposition potential, which means that the larger the negative deposition potential, the more significant the hydrogen evolution is, thus disturbing the reduction of the Pb 2+ ions onto the film surface during accumulation. 20 A longer deposition duration is also one of the reasons increasing the amount of the reduced Pb. The increased stripped Pb 2+ ions during stripping can be correlated to more negative stripping potential of Pb according to the Nernst equation. Therefore, the stripping potential of the peak (−1.2 V, 300 s) is found at a lower negative value of about −0.46 V versus SCE compared to that of the one (−1.4 V, 120 s) at about −0.47 V versus SCE. (Fig. 7(b) ) are significantly sharper compared to those obtained in the hydroxide solution (Fig. 7(a) ) due to less formation of the lead hydroxide in the more acidic solution. 39 In addition, a higher concentration of H + ions with the more acidic solution lowers the solution resistivity that in turn promotes the transport of the Pb 2+ ions. 39 It can thus be deduced that the pH value strongly affects the detection performance of the DLC:N films to the Pb 2+ ions.
CONCLUSIONS
The structure, adhesive strength and electrochemical performance of nitrogen doped diamond-like carbon (DLC:N) thin films grown on p-Si substrates by DC magnetron sputtering deposition at about 100 C were systematically investigated with respect to nitrogen flow rate from 3 to 15 sccm. XPS and Raman results revealed that the formation of sp 2 bonds in the films increased with increased nitrogen flow rate, along with enhanced adhesive strength of the films. Though the corrosion resistance of the DLC:N film coated samples was not further enhanced with increased nitrogen content in the films, these films could well passivate the underlying substrates. The DLC:N films showed wide potential windows in a 0.2 M KOH solution. The linear sweep anodic stripping voltammograms of Pb measured with the DLC:N films in KOH and KCl solutions containing Pb 2+ ions confirmed that these films were well sensitive to the Pb 2+ ions in the aqueous solutions. These characteristics demonstrated that the DLC:N thin films were suitable for electrochemical applications.
